ABSTRACT Background: Exercise could contribute to weight loss by altering the sensitivity of the appetite regulatory system. Objective: The aim of this study was to assess the effects of 12 wk of mandatory exercise on appetite control. Design: Fifty-eight overweight and obese men and women [mean (6SD) body mass index (in kg/m 2 ) = 31.8 6 4.5, age = 39.6 6 9.8 y, and maximal oxygen intake = 29.1 6 5.7 mL Á kg 21 Á min
INTRODUCTION
The role of exercise in weight management is usually associated with the direct effect of the energy deficit, which in turn creates a negative energy balance and leads to weight loss. However, it is possible that exercise could influence body weight indirectly by exerting some influence on appetite regulation. Although the acute effects of exercise are relatively well understood, the effect of chronic exercise on appetite is less clear. Some studies have shown that habitual exercisers display better appetite regulation than their sedentary, less active counterparts (1) . More recently, Martins et al (2) showed that acute appetite regulation improved in sedentary individuals after a 6-wk exercise intervention; however, the exercise was prescribed but not supervised. In the 1950s, Mayer et al (3) examined the issue of physical activity and its benefit for energy balance regulation, and, although no direct effects on appetite were measured, he suggested that physical activity could improve energy balance by regulating appetite. Indeed, it was also proposed that exercise serves to "fine-tune" the appetite regulatory system (4) .
One of the criticisms of exercise and its role in weight management is that any exercise-induced energy deficit could automatically be offset by an increased drive to eat (see references 5 and 6 for reviews). Classic physiologic studies have suggested that in the long term energy expenditure and intake fluctuate reciprocally so as to maintain body weight (7) . Appetite regulation tends to be sensitive to acute and chronic dietary restriction (8, 9) , and there is some evidence that interventions that successfully promote weight loss are accompanied by an increased drive to eat in the fasted state (10) (11) (12) . However, it should not be assumed that exercise will automatically exert the same effect as dieting. This issue of compensatory responses to exercise has been discussed in detail previously (13) . The evidence suggests that acute bouts of exercise do not automatically increase food intake, but there is emerging evidence to suggest that appetite sensitivity is influenced by perturbations in energy balance when exercise is repeated daily with a 9-d (14) or 19-d (15) protocol. There is a need to better understand the behavioral and physiologic consequences associated with modulated appetite sensitivity. This study was designed to determine the effects of a 12-wk exercise intervention on different processes of satiation, satiety, and appetite sensitivity. We hypothesized, on the basis of our previous short-term studies, that despite the imposed exercise being carefully supervised, and thus the assurance that that all participants achieve a similar exercise-induced energy expenditure, there would be large variability in body weight response. A further hypothesis was that individuals who lost less than the theoretical amount of weight would compensate for the energy deficit by an increased motivation to eat and energy intake.
SUBJECTS AND METHODS

Subjects
Eighty-one participants were recruited for the study; 23 participants did not complete the 12 wk of exercise. Therefore, 58 participants (19 men and 39 women) completed 12 wk of exercise. Their mean (6SD) body mass index (in kg/m 2 ), age, and maximal oxygen uptake ( _ VO 2 max) were 31.8 6 4.5, 39.6 6 9.8 y, and 29.1 6 5.7 mL Á kg 21 Á min 21 , respectively. All participants were weight stable (,2.0 kg change in 6 mo) and not taking any medication that would interfere with the measures. Participants and their General Practitioners provided written consent and approval to take part in the study. The study received ethical approval from the Institute of Psychological Sciences Ethical Review Board. Recruitment started in January 2005.
Design
Participants were subjected to a 12-wk obligatory exercise program that was individually designed to expend 500 kcal per session at '70% of each individual's maximum heart rate 5 d/wk under supervised conditions in the research unit. The participants could choose from a range of exercise modes (treadmill running, cycling ergometer, stepping machine, and rowing ergometer) to achieve the target of 500 kcal per session. The duration and intensity of the exercise session were calculated for each individual and recalculated every 4 wk to account for changes in body weight and/or _ VO 2 max. Indirect calorimetry was performed for each participant every 4 wk to measure exercise-induced energy expenditure during the sessions. The dependent variables measured at weeks 0 and 12 are mentioned below.
Fixed breakfast
To assess the acute and chronic effects of exercise on appetite regulation, a probe day food measurement protocol was used, including a fixed breakfast, to enable measurement of the satiety quotient (SQ). The energy content of the fixed breakfast was determined on an individual basis. On the first visit, participants were instructed to eat to a comfortable level of fullness for the breakfast. This determined the fixed amount of energy at breakfast for subsequent testing, including week 12. Therefore, the energy content varied between participants but remained constant within participants. Participants visited the human appetite research unit at 0800 to be provided with the breakfast. The fixed breakfast consisted of cereal with milk, toast with jam and margarine, and tea with milk. The mean (6SD) energy content was 406 6 4.5 kcal, and the proportions of energy contributed by fat, protein, and carbohydrate were 18.5%, 14.6%, and 66.9% respectively.
Food intake
After the personalized fixed breakfast was consumed, total daily energy intake was directly measured periodically during a probe day protocol in which participants consumed food from ad libitum lunch and dinner test meals and an evening snack box. Therefore, an objective measure of daily energy intake was compiled from the energy consumed in the fixed breakfast and 3 subsequent eating episodes. The list of foods and their energy and macronutrient composition are listed in Appendix A.
Body weight and composition
After an overnight fast, both body weight and body composition were measured at baseline and week 12. Body composition was measured by using air plethysmography (Bodpod, Concord, CA).
Subjective appetite sensations
Immediately before, after, and periodically in between meals, appetite sensations were measured by using visual analog scales on the Electronic Appetite Rating System. Ratings were measured immediately before and after the fixed breakfast and then at hourly intervals until 4 h after the meal. The scales used included hunger, fullness, prospective consumption, and desire to eat, which were first proposed .20 y ago (16) .
Satiety quotient
The immediate (satiation) and delayed (satiety) effects of the fixed breakfast were assessed by calculating the SQ. This was achieved by relating the amount of breakfast consumed to the appetite sensations after consumption of the food. The SQ allows actual energy consumed to be related to the subsequent change in appetite ratings. The SQ, therefore, reflects the capacity of the energy consumed to modulate postprandial sensations. The following formula was used:
SQ ðmm=kcalÞ ¼ ðrating before the eating episode 2 rating after the eating episodeÞ 3 100 ð1Þ
Energy intake
The SQ was developed by Green et al (17) , and its use was verified in several studies in male and female participants (18, 19) . Because the quantity of the fixed breakfast was determined by each participant, the SQ is an individual measure.
Statistical analysis and treatment of data
For body weight, body composition, fasting appetite sensations, and area under the curve (AUC) appetite sensations, paired t tests were used to compare changes between weeks 0 and 12.
For the SQ, a mixed analysis of variance was used with sex and group as the between-subjects factors and time and week as the repeated factors. Independent t tests were used to compare differences between the responders and nonresponders. SPSS software (version 14.0; SPSS Inc, Chicago, IL) was used to perform the data analyses.
RESULTS
Whole sample
Data from 58 participants who completed the 12 wk of exercise are reported. The mean (6SD) proportion of exercise sessions completed was 89.1 6 10.7%. A different data set from 35 of these participants using an identical exercise intervention was reported previously (20) .
Body weight and composition
When data from the whole sample were pooled, mean changes in body weight, fat mass, and waist circumference were 3.2 6 3.6 kg, 3.2 6 2.2 kg, and 5.0 6 3.2 cm, respectively. There was a significant reduction in body weight (t = 7.456, df = 57, P , 0.0001), fat mass (t = 8.79, df = 56, P , 0.0001), and waist circumference (t = 12.1, df = 56, P , 0.0001). Fat-free mass remained unchanged (t = 20.937, df = 56, NS).
Hunger and energy intake
The probe day energy intake measures varied among the participants, and the changes in daily intake across the 12-wk period correlated significantly (r = 0.26, P , 0.05) with the changes in body weight ( Figure 1A) . When the AUC of the hunger sensations was calculated from the daily profiles of hunger visual analog scale scores, the changes in AUC across the 12-wk period were significantly correlated (r = 0.46, P , 0.001) with the changes in energy intake ( Figure 1B) .
Analysis of responders and nonresponders
Examination of the distribution of weight changes at the end of the 12-wk period immediately indicated a wide diversity in individual responses. The measured exercise-induced energy expenditure and body-composition data were used to divide the participants into responders and nonresponders based on their actual weight change compared with that predicted from the measured changes in body composition. Therefore, the terms responders and nonresponders are based on the individuals' actual body-composition changes relative to their predicted changes and not on their behavioral or metabolic responses. For each participant, predicted energy imbalance was estimated by comparing the cumulative total energy expended (from the monitored exercise sessions) with the changes in fat mass and FIGURE 1. Scatter plots of the relation between the change (from 0 to 12 wk) in the area under the curve (AUC) for hunger computed from the daily temporal profile and the change (from 0 to 12 wk) in body weight (r = 0.26, P , 0.05) (A) and in daily energy intake (r = 0.46, P , 0.001) (B) measured during the probe days in the research unit. n = 58 (32 responders and 26 nonresponders).
fat-free mass. Calculations were based on assumed energy costs of 9540 and 1100 kcal/kg fat mass and fat-free mass, respectively (21) . The method used to categorize responders and nonresponders is different from that reported by King et al (20) .
With the use of this method, responders were classified as having body-composition changes equal to or greater than the change expected due to the exercise-induced increase in energy expenditure. Nonresponders were classified as those individuals who had body-composition changes less than the change expected due to the exercise-induced increase in energy expenditure. Therefore responders and nonresponders were retrospectively classified by degree of compensation in response to the negative energy balance induced by the exercise. Using this method to classify participants, the ratios of males to females were 9:23 and 10:16 for the responders and nonresponders, respectively. The changes in body weight and composition in the responders and nonresponders are displayed in Table 1 . Both responders and nonresponders experienced significant changes in body weight (t = 9.81, df = 31, P , 0.0001; t = 2.42, df = 25 P , 0.05), fat mass (t = 13.1, df = 30, P , 0.0001; t = 3.94, df = 25, P , 0.001), and waist circumference (t = 9.53, df = 30, P , 0.0001; t = 7.07, df = 25, P , 0.0001), respectively, after 12 wk of exercise. At the end of 12 wk, the responders differed from the nonresponders in all of these variables, but there was no significant difference in total exercise-induced energy expenditure between the responders and nonresponders (F 1,56 = 0.01, P = 0.92). The mean proportion of exercise sessions completed for the responders and nonresponders was 91% and 89%, respectively.
The range of weight adjustments after 12 wk of the exercise regimen and the proportion of responders and nonresponders were similar to those described earlier (20) for a different sample. Nine of the participants (15%) had gained weight by the end of the study. Also, there was a significant difference (t = 2.09, df = 44, P = 0.04) in the change in daily energy intakes between the responders and nonresponders. Over the 12-wk period there was an increase in the daily energy intake of the nonresponders (+164 kcal/d), but no change (or even a decline) in the energy intake of the responders (2125.9 kcal/d).
Subjective appetite sensations
The mean fasting and AUC hunger levels at weeks 0 and 12 for both groups are shown in Table 2 . The nonresponders showed a significant increase in fasting (t = 23.76, df = 25, P , 0.001) and AUC for daily hunger after 12 wk (t = 23.38, df = 25, P , 0.005). This was the same for desire to eat, fullness, and prospective consumption. Therefore, the nonresponders experienced a significant increase in the motivation to eat after 12 wk of exercise. In contrast, the responders did not show an increase in AUC hunger (t = 21.347, df = 31, Ns), despite a significant increase in fasting hunger (t = 4.019, df = 31, P , 0.0001). The periodic (every 4 wk) change in AUC hunger during weeks 0-12 is shown in Figure 2 . When all data were pooled, there was a significant main effect of time (F 3,147 = 5.974, P = 0.001) and a significant time-by-group interaction (F 3,147 = 2.76, P = 0.045) but no significant main effect of group (F 1,49 = 0.645, P = 0.426).
Fixed breakfast and satiety quotient
In contrast with the changes in fasting hunger, the satiating effect of the fixed breakfast increased over the 12-wk period of exercise. This effect was maintained for 4 h after the meal. The profiles of SQ at weeks 0 and 12 are shown in Figure 3 for the responders and the nonresponders. A similar increase in postprandial satiety was experienced by both the nonresponders and the responders. A mixed analysis of variance, with group and sex as between-subject factors, showed that there were significant main effects of week (F 3,144 = 3.62, P , 0.0001) and time (F 4,192 = 122.8, P , 0.0001). There was no significant interaction between week and sex (F 3,144 = 1.004, P = 0.393) or no significant main effect of sex (F 1,48 = 3.25, P = 0.08). This was also the same for fullness and the desire to eat.
DISCUSSION
These data provide novel evidence that the effects of exercise on body weight involve actions on more than one process of appetite regulation. First, exercise causes an increase in fasting and total daily hunger in individuals who do not experience substantial weight loss. Second, a fixed breakfast improves satiation and satiety independent of weight loss. Therefore, a dual process influencing the motivation to eat appears to be in operation. The compensatory increase in the drive to eat in response to weight loss has been reported previously in children (10) and adults (9, 11, 12) . However, this is contrary to a finding that fasting and meal-induced fullness increased and decreased, respectively, after 8 wk of energy-restricted weight loss (22) . This indicates a difference between food deprivation-induced weight loss and exercise-induced weight loss. The design of the present study permitted the disclosure of a dissociation between 2 different processes of appetite sensitivity expressed as a function of fasting (before eating) and meal-induced states. This operational difference between the 2 measurement states (fasting and postprandial) is logical. In essence, these are 2 different measuresone reflects the homeostatic energy state after a period of reduced body energy (exercise energy expenditure or food deprivation), and the other reflects the interaction between the physiologic system and the physiologic action of food on satiety signaling (23) . This latter effect was clearly shown because the participants had a higher fasting (before breakfast) hunger level at the end of the 12-wk period, yet a breakfast meal of identical nutritional composition caused a greater immediate reduction in this hunger and maintained the level of suppression until the prelunch measurement period (Figure 3 ). The exercise regimen apparently raised the sensitivity of the physiologic signaling system, which allowed the same amount of food to realize a greater suppression of hunger. This effect was apparent in both the responders and the nonresponders. This effect may be related to the short-lived anorexic action induced by acute exercise (24) (25) (26) . The reason why this effect was not apparent at every eating occasion was because subsequent meals were not fixed in energy value (they were ad libitum), which thereby allowed the greater level of hunger (measured by AUC) in the nonresponders (Figure 2) to drive a greater level of food intake ( Figure 1) .
A similar phenomenon, based on the SQ, was reported in a cross-sectional study designed to assess the power of appetite ratings to predict weight loss. Drapeau et al (27) collated data from several weight-loss intervention studies to show that fasting appetite sensations were strongly associated with body weight The nonresponders showed an increase in the orexigenic drive as evidenced by larger increases in fasting hunger, AUC for hunger (across the day), and AUC for desire to eat and by a decrease in the AUC for fullness (ANOVA). FIGURE 2. Mean (6SEM) change in daily area under the curve (AUC) for hunger over 12 wk in the responders (who lost a significant amount of body weight) and the nonresponders (who showed substantial compensation for the energy expended in exercise). n = 58 (32 responders and 26 nonresponders). When all data were pooled, there was a significant main effect of time (F 3,147 = 5.974, P = 0.001) and a significant time-by-group interaction (F 3,147 = 2.76, P = 0.045) but no significant main effect of group (F 1,49 = 0.645, P = 0.426). A significant increase in the AUC for hunger was observed between weeks 0 and 12 in the nonresponders (t = 23.38, df = 25, P , 0.005) but not in the responders (t = 21.347, df = 31, NS). loss but the SQ was not. Doucet et al (11, 28) hypothesized that a reduction in body weight and fat mass would exert less of an influence on meal-induced satiety than would fasting hunger. Indeed, several studies report an increase in hunger after pharmaceutical-induced weight-loss interventions, but no difference in the postprandial motivation to eat in response to a fixed energy meal before and after weight loss. Using a dietary protein manipulation, a different study actually showed a reduction in postprandial satiety after dietary restriction-induced weight loss (29) . Several methodologic differences between these studies (10, 28, 29) and our current study might explain why the dual process was not demonstrated. First, the energy content of the fixed breakfasts (665 kcal, same for all subjects) and the weight loss (9.5 kg) were considerably larger in the study by Doucet et al (11) . Second, the type of intervention used by Doucet et al (11) and Leidy et al (29) was different (pharmaceutical and dietary protein, respectively) from that used in the current study. Although all of these studies agreed that 2 separate processes can be detected, the particular effect of exercise on the physiology of energy balance (different from energy or protein restriction) generates specific effects on these 2 processes. One of the theoretical implications of these studies is that the subjective expression of hunger involves at least 2 processes: an underlying orexigenic drive and an immediate food-related response (the postprandial effect).
It may be questioned whether different physiologic mechanisms are involved in these 2 processes. From the data presented here, it is not possible to examine the underlying mechanisms that might explain this dual process of action. However, evidence that describes the neuroendocrine changes in response to exercise and weight loss might be involved (25, 26) . The peptides associated with appetite and their associated capacity to act as acute and chronic signals of satiety are likely candidates. In line with the dissociation between fasting and meal-induced motivation to eat is the proposal that appetite peptides exert different effects on fasting and meal-induced responses on hunger (23) . Tonic signals arise from tissue stores, whereas episodic signals are closely related to the acute consumption of food (30) Therefore, tonic biomarkers are likely to be closely associated with chronic or behavioral traits for eating, whereas episodic markers are associated with acute fluctuations in motivational state (23) . Our findings indicate that, since 2 appetite-modulating processes are induced by repeated exercise sessions, it may not be immediately obvious which measured peptide changes are related to which process-the increased orexigenic drive or the increased postprandial sensitivity.
It is also possible that reductions in physical activity during the nonexercise time might also have contributed to the lower than expected weight loss in the nonresponders. However, we examined this possibility by analyzing accelerometer data collected every 4 wk during free-living probe days (data not shown). These readings indicate that the nonresponders did not alter their nonexercise physical activity, and they were not different from the responders.
These data confirm that exercise has the capacity to alter the sensitivity of the appetite regulatory system via the compensatory response to consumed foods or preloads (1, 2) . However, the effect of exercise on appetite regulation involves at least 2 processes: an increase in the overall (orexigenic) drive to eat and a concomitant increase in the satiating efficiency of a fixed meal. These processes do not operate with the same strength in all individuals who undertake exercise. Together, the strength of these 2 processes may determine whether individuals lose weight with exercise or maintain weight through energy compensation.
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APPENDIX
